We present composite plasmonic nanostructures designed to achieve cascaded enhancement of electromagnetic fields at optical frequencies. Our structures were made with the help of electron-beam lithography and comprise a set of metallic nanodisks placed one above another. The optical properties of reproducible arrays of these structures were studied by using scanning confocal Raman spectroscopy. We show that our composite nanostructures robustly demonstrate dramatic enhancement of the Raman signals when compared to those measured from constituent elements. [7] , and data storage [8] . Normally, optical fields are concentrated by focusing light with appropriate lenses, the minimum volume of the enhanced field ultimately being determined by the wavelength of the light used. It is well known that metal nanostructures allow one to concentrate light in smaller volumes through the excitation of localized surface plasmons, thereby enhancing the strength of the electric field over that available otherwise [9] . Individual metallic nanoparticles allow a modest field enhancement, of the order of the quality factor Q of the plasmonic resonance [10] . The field strength can be increased further in particle conglomerates [11, 12] and particle pairs [13] . The gap between particles is particularly important in many systems [11] [12] [13] [14] . Recently, it was suggested that a new class of composite metallic nanostructures might be used to provide very high and well-controlled optical-field enhancements [10] .
The concentration of electromagnetic fields in subwavelength volumes is important in many areas, such as nonlinear optics [1] , light-matter interactions [2] , photochemistry [3] , biophysics [4] , laser nuclear fusion [5] , optical nanomanipulation [6] , biosensing [7] , and data storage [8] . Normally, optical fields are concentrated by focusing light with appropriate lenses, the minimum volume of the enhanced field ultimately being determined by the wavelength of the light used. It is well known that metal nanostructures allow one to concentrate light in smaller volumes through the excitation of localized surface plasmons, thereby enhancing the strength of the electric field over that available otherwise [9] . Individual metallic nanoparticles allow a modest field enhancement, of the order of the quality factor Q of the plasmonic resonance [10] . The field strength can be increased further in particle conglomerates [11, 12] and particle pairs [13] . The gap between particles is particularly important in many systems [11] [12] [13] [14] . Recently, it was suggested that a new class of composite metallic nanostructures might be used to provide very high and well-controlled optical-field enhancements [10] .
The confinement of fields using metallic nanostructures, in volumes well below the diffraction limit, down to just several tens of nanometers, involves a process mediated by the electron plasma of the metal [10] . The deeply subwavelength volumes of field confinement and strongly enhanced optical fields that are predicted for composite metallic nanostructures offer many intriguing prospects, for example, 3D optical near-field trapping [15, 16] . Surface-enhanced Raman scattering (SERS) from single molecules immobilized on ''hot'' colloidal nanoparticle structures has been reported [17] [18] [19] with field enhancements of $100 being invoked to account for this extraordinary sensitivity [20] . These results provide an incentive to find ways to produce such high field enhancements in a controlled way, rather than relying on nondeterministic colloidal synthesis techniques.
The self-similar plasmonic structure suggested by Li, Stockman, and Bergman [10] presents an appealing design for a composite nanostructure in which the near fields produced by an illuminated large metallic nanoparticle play the role of the exciting field for a smaller metallic nanoparticle, the result of which is to enhance the field further. The electromagnetic field may thus undergo a cascaded enhancement by a factor of up to g tot $ g n , where g $ Q $ Re"ð!Þ=Im"ð!Þ [10] ["ð!Þ is the metal permittivity; e.g., for gold Q $ 7 at a wavelength of 630 nm] and n is the number of cascades. Although a self-similar nanoassembly has been demonstrated [21] , no experimental verification of any cascaded enhancement of the electromagnetic field by these assemblies was reported. In this Letter, we demonstrate a cascaded enhancement in nanofabricated gold nanostructures of an original design [22] , one for which we evaluated a maximal field-enhancement factor of $100 for visible light-consistent with our observation of single-or few-molecule SERS.
Our nanostructures comprised three coaxial gold disks of different diameter stacked one on top of another and separated by dielectric spacers. We used the tower-type design which features a large metallic disk of diameter D that has at its center a cylindrical hole of diameter d filled with a dielectric column produced by overexposed poly(methyl methacrylate) (PMMA) [23] , a medium-sized metallic disk of diameter d placed on the top of the column, and a small disk of diameter placed on top of that; a schematic and a scanning electron micrograph of the structures studied are shown in Figs. 1(a)-1(c) . Owing to the limited resolution of electron-beam lithography, the maximum number of cascades we could achieve with good reproducibility was n ¼ 3 for a structure with a resonance in the visible. For this work, we chose sizes for the large and medium disks that provided the maximal field enhancement for the excitation wavelength of ¼ 633 nm [23] , namely, D % 590 nm, d % 110 nm, both of thickness H ¼ 90 nm, and a diameter
week ending 10 DECEMBER 2010 % 30 nm and thickness h ¼ 30 nm for the small disk. We also fabricated arrays of single large, medium, and small disks for use as references.
Simulations using finite-element modeling [23] of the electromagnetic fields produced by the triple structures in response to an incident Gaussian beam ( ¼ 633 nm, spot size w ¼ 400 nm) suggested that the total fieldenhancement ratio g tot strongly depends on the thickness of the dielectric spacers between the disks. Figure 1 (d) shows a typical distribution of the electric field calculated for the experimental geometry used. The inset in Fig. 1(d) shows the sharp dependence of g tot on the top spacer thickness s, with maximal values of g tot being >80. From similar modeling we estimate that for a top spacer thickness of 7 nm (the experimental value) the maximum field enhancement afforded by (i) the small, medium, and large disks acting on their own to be 7 AE 1, (ii) the combination of the middle and lower disks to be 13 AE 2, (iii) the combination of the small and middle disks to be 32 AE 3, and (iv) the full triple structure to be 44 AE 4. Thus, starting from the larger disk, our cascade enhancements are 1:9 AE 0:5 and 3:4 AE 1:0. In this modeling we averaged the field enhancements over an area of spatial dimension $1 nm to avoid numerical noise, and we rounded the corners of the metallic structures to confirm with scanning electron microscopy analysis, subject to a minimum radius of curvature of 5 nm to avoid spurious high-field points.
To probe the total field enhancement afforded by our triple structures, we used confocal Raman spectroscopy. We coated the nanostructures with a layer of dye molecules, rhodamine 6G (R6G), randomly dispersed in a polymer host, which was a solution of 3% PMMA in anisole; see Fig. 1(b) . The dye concentration in the solution was 10 À6 M, which implies that the average distance between dye molecules in the PMMA film was about 120 nm, and the probability of having one R6G molecule within $30 nm of the top disk (i.e., equal to ) was about 20%. The probability of having two R6G molecules within $30 nm of the top disk was thus about 4%, indicating that we are in the single molecule regime. We excited the dye by using a confocal laser (633 nm) arrangement and collected scattered light in the 200-2500 cm À1 band.
[As a test, we also measured the response to a green laser (514.5 nm), for which we did not observe any strong enhancement of either fluorescence or Raman scattering.] Figure 2 presents the main result of our Letter. (d) Calculated amplitude of the electric field near the structure illuminated by a Gaussian beam in a cross section through the center of the structure. The field magnitudes were normalized to the peak field magnitude of the incident Gaussian beam whose focus was at the center of the smallest disk. The electric field magnitudes are presented on a log 10 color scale whose limits are the smallest and largest magnitudes in this cross section. The inset shows the dependence of the maximum of the field enhancement on the thickness of the top dielectric spacer. All field calculations in this work were carried out at ¼ 633 nm. structure (without the top, small, disk) on the right. Figure 2(b) shows the corresponding optical image from these structures in reflected light. We performed Raman mapping by collecting Raman spectra from an array of 50 by 50 points above the whole area shown in Fig. 2(a) . The laser power was P ¼ 90 W with a point integration time of int ¼ 50 ms (it took about 2 min for the whole scan to complete). Figure 2(c) shows typical Raman spectra measured above the triple structure (T), the double structure (D), and the substrate (BG). The Raman signals measured from single nanoparticles of $600, $100, and $30 nm were close to the substrate signal (not shown). We see that both T and D traces show enhancement of the Raman background signal, the nature of which is still keenly debated [24] . This enhancement is seen as two bright spots in Fig. 2(d Fig. 2(h) . We see that the fluorescence signal (generated by both the triple and the double structures) has a spatial extent (half-width) of $0:6 m, while the Raman signal (seen only for the triple structure) has a spatial extent of $0:3 m. The results shown in Fig. 2 were typical for arrays of double and triple structures. We found that about 10% of the triple structures showed large Raman signals (from a total sample of about 700). This percentage correlates well with the probability of finding an R6G molecule in the direct vicinity of the top particle in the cascade and suggests that the cascaded enhancement is a robust phenomenon.
Having established that the triple structures yield much stronger Raman signals for both R6G and PMMA molecules than the double (and single) structures, we turn our attention to a quantitative evaluation of the total field enhancement. Although the theory of SERS is a fascinating subject discussed in detail in several excellent reviews and recent publications [25] [26] [27] [28] [29] , the use of SERS to estimate the local electromagnetic field enhancement faces several difficulties. First, there is a consensus that, in addition to the well-documented electromagnetic enhancement mechanism, SERS can be also enhanced due to other mechanisms such as ground-state chemical interactions, dynamic charge-transfer, etc. [30] . Second, the process of Raman scattering leaves a molecule in an excited state which has then to relax to the ground state, usually via nonradiative processes (phonons), and is random in nature. In the case where one or only several molecules contribute to SERS, different channels compete with each other, which leads to nonreproducible Raman signals [31] . Third, if the field enhancement near a nanostructure is sufficiently high, other nonlinear processes may drive a Raman active molecule into a metastable state, effectively switching it off which could result in intermittency (blinking) [20, [31] [32] [33] or lead to coherent effects in Raman scattering (peak splitting, etc.) [34] . In summary, enhancements evaluated from Raman measurements are a guide rather than an exact measure of the electromagnetic enhancmenets offered by nanostructures.
We illustrate the difficulties connected with the evaluation of local field enhancements from Raman signals in Fig. 3 . Figure 3(a) shows a temporal set of Raman spectra measured above a triple structure (P ¼ 88 W, int ¼ 1 s, w $ 500 nm, and the spectra are offset for clarity). One can see that the Raman spectra vary with time, different peaks taking prominence in different scans. recorded well-defined jumps in the measured spectra for triple structures denoted by arrows in Fig. 3(b) . The jumps may correspond to a molecule switching on and off during recording of the spectra. This indicates that the bulk of the signal in our case is produced by just a few R6G molecules. We found that the most stable Raman spectra were obtained with low laser powers (which alleviated the problem of intermittency) and longer integration times (which allowed us to achieve time averaging of the Raman signals instead of spatial averaging); cf. [31] . Figure 3(c) shows the Raman spectra measured at P ¼ 20 W and int ¼ 60 s above the triple structures (the red curve) and double substrates (the blue curve).
By comparing the signals from the triple and double nanostructures, we estimate that the ratio of the field enhancement observed for triple and double structures (the cascaded enhancement factor) is $3:6 AE 0:2 for ¼ 633 nm. This estimate is based on the root of 4th power from the ratio of Raman peaks [35] where we have chosen weak and medium R6G peaks of 1460, 1300 cm À1 , etc., in order to avoid bulk contribution from the background (data not shown). It is probably a conservative lower limit of the enhancement factor, since it does not account for the greater number of R6G molecules that contribute to the double structure signal due to the larger size of the top disk of the double structure (110 nm) compared to the top disk of the triple structure (30 nm). Our estimated field-enhancement factor between double and triple structures compares well with the factor of 3:4 AE 1:0 determined from finite-element modeling. By comparing fluorescence from single and double structures, we previously evaluated the field enhancement for double structures of the studied size as 30 AE 7; for details, see [23] . Consequently, we can estimate the field-enhancement ratio for the optimal triple structures reported here as g tot $ 100.
In summary, we have demonstrated reproducible cascaded optical-field enhancement from well-controlled regular arrays of three-tier composite plasmonic nanostructures produced by nanofabrication. The field enhancement was probed by using a thin layer of dye molecules. We observed significant Raman signals above three-tier composite plasmonic nanostructures even at lower laser intensities (10 W, spot size $500 nm) and short integration times (20-50 ms). Finite-element modeling provides broad quantitative support for our experimental findings. We hope that these results will add impetus to the exploration and exploitation of more complex metallic nanostructures as a means to enhance optical fields at the nanoscale in a controllable way.
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